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If now the value of 8 V i s calculated (in a portion of m att averaged over a period of the sphere's pulsation, it is found th a t its value when is only a small fraction of ajc is less than the value attained at great by two approximate expressions which are:
( at he falls to a half value at a time of order a/c; and ( ) two terms, e2A -where A has the same sign as crB and a magnitude equal to the amplitude of oscillation of the specific volume, in this portion of matter, in the established motion. These two terms arise from the terms with factor e(r-a-c i n (a), decay to a half value at a time of order a/c (that is, a t a time a t which the wave has travelled out from the sphere's surface through a distance of the order of the sphere's radius).
Introduction
In the past the biologist has generally resorted to differential staining as a means of rendering visible slight non-homogeneities in his preparations. When such treatm ent was impracticable, as in the case of living cells, the alternatives were to study the out-of-focus image, to illuminate the specimen with very narrow' pencils (with a consequent loss of resolution), or to use dark-ground illumination. Phase contrast offers a means of converting slight changes of refractive index (with the consequent change of wave front) into corresponding changes of amplitude. The method possesses the advantages th at the object is accurately focused, th at the full aperture of the objective is used and th at the eye is particularly sensitive to changes in amplitude.
I t also makes possible for the first time the detailed study at full aperture of transparent living tissue in place of the usual stained preparations which may have undergone considerable modification in the course of processing.
Historical
The use of a phase plate or * Z disk ' to advance or retard the form an image, with respect to the diffracted rays was first proposed by Professor F. Zernike of Groningen University, and in the original description (Zernike 1934) the method was suggested as a means of increasing the sensitivity of the knife-edge test as applied to the mirrors of reflecting telescopes. In a very practical paper by Burch (1934) , the Z test is applied to a decentred ellipsoid and photographs are given of the consequent Zernike fringes.
Thus m atters remained for a short time with attention focused on astronomical reflectors, until Professor Zernike turned his attention to the microscope (Zernike I935) an<i showed th a t the principles of phase contrast could be equally well applied, not in this case to the testing of the objective but to the transmutation of a change of phase produced by the object to a change of amplitude in the image.
Professor Zernike's invention was taken up by the firm of Carl Zeiss (German patent, D.R.P. no. 636168, Nov. 1932), and a very practical and well-illustrated contribution on this subject by Kohler & Loos (1941) next appeared in Germany.
A further addition to the literature on the subject was made by Burch & Stock (1942) , who not only described the practical advantages of phase contrast in detail but showed how, with a little ingenuity, a standard microscope could be converted to this method of observation.
Reference should also be made to contributions by Richards (1944) and Linfoot (1945) , and to papers by Jupnik (1944) and Osterberg (1944) in the U.S.A.
The known method
In known systems for phase-contrast microscopy, the image of an illuminated diaphragm placed in or near the front focal plane of the substage condenser is formed in or near the back focal plane of the microscope objective, and in this plane is placed a transparent phase-retarding plate which is such th at a relative retardation of approximately JA is produced between the phases of the light passing through the image of the clear portion of the condenser diaphragm and th a t which has been diffracted by the object and passes through the remaining area of the objective aperture.
The condenser diaphragm is preferably in the form of an annulus, for reasons of symmetry, and is mounted co-axially with the condenser. The corresponding phase plate must then consist of a phase-changing annulus coinciding exactly with the image of the condenser annulus formed near the back focal plane of the objective. The phase plate is usually constructed of glass, and its phase-changing properties are obtained either by etching away a portion of its surface or preferably by depositing a suitable thickness of transparent material upon the surface in order to produce the required retardation, the essential feature being an optical path difference of approximately JA between the two areas referred to above.
The phase-contrast effects in the image field are produced by interference between light which passes directly through the condenser annulus and the annulus in the phase plate and light diffracted by the object which passes through the remainder of the aperture of the phase plate. Since the latter is often weak, there may be a marked difference in amplitude between the two interfering beams and consequent 'veiling glare'.
Two types of phase-contrast image may be produced. The so-called 'positive' type in which the annulus has a shorter optical path in relation to the rest of the plate and the ' negative ' type in which these conditions are reversed. Different types of object or even different parts of the same object may demand differing optical densities of phase annulus, and the purpose of this paper is to describe a convenient means whereby relative amplitude of the direct and diffracted beams may be controlled.
The new method
As a means of controlling the amplitude of the direct and indirect beams going to form the image, a polarizer is interposed between the source of light and the ob j ect so th at the latter is illuminated by plane-polarized light. An annular di aphragm is placed near the front focal plane of the condenser, and the image of this annulus is formed near the back focal plane of the objective, in the usual manner. In this plane is a disk of optically active material consisting of an inner annulus of lefthanded quartz and a central disk and outer annulus of right-handed quartz (or vice versa), both cut with their axes parallel to the optic axis of the microscope so th a t the planes of polarization of the direct and diffracted light are rotated in opposite directions through an angle of, say, 45°. The required optical path difference is obtained by means of a normal annular phase plate also mounted approximately in the back focal plane of the objective.
The object which is assumed to be isotropic is viewed in the usual way but with a rotatable analyzer interposed in some position between the phase plate and the eye of the observer. When the object is illuminated by monochromatic light and the vibration direction of the analyzer is parallel to th at of the light th a t has traversed the central disk and outer annulus, the light which has passed through the central annulus is quenched, and a t the same time a maximum of diffracted light is trans mitted by the remaining portions of the plate. The effects are therefore those associated with dark-ground illumination.
On rotating the analyzer slightly, some light from the annulus is admitted and phase-contrast effects are produced. The light intensity contributed by the annulus to the final image can be varied as the analyzer is rotated through 90° from zero to maximum when the vibration direction of the polarizer is parallel to the direction of vibration of the light passed by the inner annulus, and in this position no diffracted light is transmitted, so th at the effects associated with ordinary bright field illumina tion slightly modified by the annular aperture are thus observed.* If the phasecontrast effects have been positive over this quadrant of rotation of the analyzer, they now suddenly reverse and a graduated succession of negative phase-contrast effects is obtained throughout the next quadrant of rotation, ending with the equivalent of dark-ground illumination with the vibration direction of the analyzer again parallel to th a t of the light which has passed the central disk and the outer annulus.
In short, the phase of the light which has passed through the central annulus and phase plate either leads or lags behind th a t which has traversed the central disk and outer annulus by one-quarter wave-length, thus causing the phase-contrast effects to alternate from positive to negative as the phase difference changes from + JA to -|A or vice versa as the analyzer is rotated.
Although this arrangement produces the necessary conditions for phase-contrast illumination strictly for one wave-length only, it is quite suitable for use with the usual source of light employed by microscopists. Filters may be interposed if desired to narrow the band of wave-lengths used.
Various alternative arrangements are possible, but all make use of a t least one polarizing element either between the source of light and the object or between the phase-plate and the eye of the observer.
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R esults
Epithelial cells (plate 6) and an organism, latum (plate 7), were selected as suitable objects, and a series of photographs was prepared by the courtesy of the Director of the National Institute for Medical Research with the direction of vibration of the analyzer set a t varying angles as a means of modifying the relationship of amplitude in the focal plane.
The focal length of the objective was 4 mm., the total magnification was about 475 x (plate 6) and 375 x (plate 7). Further details are given in the description of plates on p. 426.
This apparatus was developed in collaboration with Mr B. O. Payne, M.Sc.* D.I.C., A.R.C.S., A .Inst.P.
Introduction
In a previous paper from this laboratory (Mohr & Stafford 1944 , hereafter referred to as paper A), the rate of burst production in large thicknesses of lead and iron was measured as a function of the thickness, and a pronounced * second maximum ' was found to occur for bursts of from 40 to 70 particles. The chamber used was an upright cylinder with a collecting volume of 221. and ratio of length to diameter of 2-6.
This result was sufficiently unexpected to make it worth while repeating the experiments with a smaller chamber of collecting volume 1*11., and ratio of length
